Background {#Sec1}
==========

Hepatocellular carcinoma (HCC) is a rare type of cancer in Western countries; however, its prevalence in Eastern Asia and Southeast Asia is relatively high \[[@CR1]\]. In Thailand, the age-standardized incidence rate of HCC was reported to be 22 per 100,000 person-years \[[@CR2]\]. With improvements in diagnostic strategies, various anticancer therapies, and modern surgical and intervention techniques, the survival of HCC patients has increased by more than 2 years. Although HCC is not a highly osteophilic cancer, the prolongation of life expectancy of patients results in an increase in the incidence of bone metastasis \[[@CR3]\]. Due to the highly vascularized nature of HCC, metastatic lesions in the bone cause severe pain and disability. Structural and functional disruption of the bone architecture increases the probability of pathologic fractures. In the case of spinal metastases, neurological deficits because of spinal cord compression may occur, which seriously deteriorates the patient's quality of life \[[@CR4]\].

Individual prognosis of survival after the diagnosis of spinal metastases is therefore crucial to aid clinicians to determine the optimal management for each specific HCC patient \[[@CR5]\]. A life expectancy of more than 6 months is generally considered the ideal cutoff point for surgical management of the patient \[[@CR6]\]. In the past, several series of prognostic factors and scoring systems were used in combination to predict patient survival. However, the prognostic factors incorporated within each score were heterogeneous \[[@CR7]\], and several scores were derived from a cohort of only a few HCC patients \[[@CR8]--[@CR10]\]. Moreover, the clinical characteristics and median overall survival in each study were found to be different from those of the Thai HCC population. The appropriateness of implicating these prediction scores in the context of Thai population is questionable and might result in misclassification of patients.

In this study, we aimed to investigate and report on the natural disease progression in patients with HCC-derived spinal metastases in Thailand and identify the prognostic factors for survival in this patient cohort. Identified prognostic clinical parameters would be used to establish a novel, individualized survival prediction model for patients with HCC with spinal metastatic tumors.

Methods {#Sec2}
=======

Design, participants, and data collection {#Sec3}
-----------------------------------------

A prognostic prediction model was developed using a retrospective analysis of a large patient cohort. This study included 1143 patients with HCC who were diagnosed and managed at Chiang Mai University Hospital from 2006 to 2015. From the recruited patients, those who had HCC with spinal metastases were identified. All patient information was obtained from the Chiang Mai Cancer Registry. This study was approved by the institutional review board and ethical committee of the Faculty of Medicine, Chiang Mai University. Primary HCC was diagnosed based on either an official radiological report of computed tomography scan or tissue biopsy. Spinal metastases were diagnosed using one or more of the following modalities: pathologic report of a spinal biopsy, magnetic resonance imaging, computed tomography scan, nuclear bone scan, or positron emission tomography scan. Demographic data (e.g., gender, age), clinical characteristics (e.g., cirrhotic status, presence of ascites, hepatic encephalopathy, Child-Pugh classification, Karnofsky Performance Status (KPS; poor 20--40%, moderate 50--70%, and good 80--100%), and Frankel grade of preoperative neurological status (Complete Frankel A, B; Incomplete Frankel C, D; None Frankel E), tumor characteristics (e.g., data of primary tumor diagnosis, number of the primary tumor, tumor size, portal vein involvement, visceral organ metastasis, previous treatment received, date of skeletal and spinal metastases diagnosis, level of spinal metastases, number of vertebral column involved, and number of extraspinal bone metastases) were reviewed and obtained from the electronic medical record. All patients were assigned to a specific prognostic group according to both Tomita \[[@CR8]\] and the revised version of the Tokuhashi score \[[@CR10]\].

Predictors {#Sec4}
----------

Candidate predictors were as follows: aged \> 60 years, KPS, cirrhotic status, presence of ascites, total bilirubin level, serum albumin level, number of primary tumors, portal vein involvement, visceral organ metastasis, number of vertebral columns involved, and number of extraspinal bone metastases. The selection of predictors was based on the availability of predictors at the time of prediction, clinical expertise, and previously reported scoring system for prediction of metastatic spinal tumors, including Tomita \[[@CR8]\] and revised Tokuhashi score \[[@CR9], [@CR10]\]. A total of 11 factors were included in univariate survival analysis using the Kaplan--Meier method for estimation of survival probabilities at 3, 6, and 12 months. Each predictor was categorized at a generally accepted cutoff point, according to those in the literature. The difference in survival distribution across prognostic covariates was examined using the log-rank test.

Derivation of the survival model {#Sec5}
--------------------------------

All statistical analyses and model derivation procedures were carried out using Stata version 16 (StataCorp, TX, USA). A flexible parametric survival model, the Royston--Parmar (RP) model, was used to derive the prognostic model via the *stpm2* package. The main advantage of this non-rigid parametric survival model, which is beyond the Cox regression, is its ability to estimate baseline cumulative hazard function via the use of natural cubic splines. This allows for more accurate and precise individual predictions. Sensitivity analysis was used to select the appropriate scales and number of degrees of freedom for the baseline spline function. For our model, the cumulative hazard scale with four degrees of freedom was chosen based on the lowest Akaike information criterion (AIC) and Bayesian information criterion (BIC) values. Prior to fitting the RP model, the proportional hazard assumption was tested using Schoenfeld residuals, and any predictor that violated the assumption would be subsequently investigated for time-dependent effects using the *stpm2t* command. Eleven potential predictor variables were included in the multivariable flexible parametric model, *stpm2* command, with pre-specified scale and number of knots, as mentioned. Backward elimination of each predictor was carried out based on both a significant threshold of *P* value \< 0.100 and likelihood ratio test.

Multiple imputation {#Sec6}
-------------------

Three predictor variables were found to have more than 10% of the missing values, which could lead to biased survival estimates of the prognostic model if the complete-case analysis was performed. Multiple imputation with chained equation via *mi impute chained* command was used to generate missing values prior to model derivation. The number of imputed datasets was based on the highest percentage of incomplete variables, which was 15%. The logit model was chosen for the imputation of all three predictors (cirrhosis, ascites, and portal vein involvement). We included all potential predictor variables within the multivariable flexible parametric regression model via *mi estimate* commands and subsequently eliminated each predictor from the model via a backward elimination approach. The final predictors from both the imputed dataset and complete-case analysis were compared. A model with a higher discriminative ability was chosen for the final model derivation.

Discrimination and calibration {#Sec7}
------------------------------

The prognostic model performance was evaluated according to two main aspects. We evaluated the discriminative ability of the model to correctly distinguish a person with longer survival from a person with shorter survival via the use of Harrell's C discrimination index (or C-statistics) for survival analysis. We also reported other measures of discrimination, such as Royston & Sauerbrei's D statistic and $\documentclass[12pt]{minimal}
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                \begin{document}$$ {R}_D^2 $$\end{document}$. The model calibration indicated the agreement between predicted survival probabilities and observed proportions of survival outcomes. We examined the calibration of the derived model via calibration plots. Both predicted risks and observed outcomes were separated into five equally distributed quantiles. The calibration was evaluated based on the inspection of agreement between the model-predicted survival curve and Kaplan--Meier survival curve within each quantile.

Internal validation {#Sec8}
-------------------

The bootstrap resampling method was used for assessing model optimism and internal validation. Two hundred samples were randomly sampled, having the same size as the original dataset with the replacement of the sampled record. The entire modeling process was performed in each bootstrap sample to yield a final of 200 bootstrap models. Harrell's C-statistics were calculated and averaged for all derived models. Then, each bootstrap model was subsequently applied to the original dataset. The average of Harrell's C-statistics was again estimated. The model optimism of Harrell's C-statistics was calculated by subtracting two averaged Harrell's C-statistics. We also reported the optimism of other measures of discrimination, such as Royston & Sauerbrei's D statistic, $\documentclass[12pt]{minimal}
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                \begin{document}$$ {R}_D^2 $$\end{document}$, and the shrinkage factor for external validation studies.

Model presentation {#Sec9}
------------------

Each patient's predicted survival probabilities at each clinically relevant time point (3, 6, and 12 months) from the flexible parametric model were classified into five risk groups with specific coloring label as follows: 81--100% (green), 61--80% (yellow), 41--60% (light orange), 21--40% (dark orange), and 0--20% (pink). The prognostic model was presented as a score chart for simplicity and applicability. The cross-tabulate score chart comprised up to four final predictors. The estimated survival probabilities and their 95% confidence intervals were presented within each cell of the chart. Based on the point estimate of estimated survival probability, each cell was colored according to the five pre-specified risk groups.

Comparative validation with the conventional scoring system {#Sec10}
-----------------------------------------------------------

Both the Tomita score and the revised Tokuhashi score were calculated for each patient within the cohort from the available data. Assuming that the appropriate cutoff point for operative management was a score-predicted survival of more than 6 months, we estimated the sensitivity, specificity, and area under the receiver operating characteristics curve (AuROC) from each model by comparing the predicted survival status at 6 months with the observed survival endpoints at 6 months for each patient. We then compared the diagnostic performance of both conventional scores with our prediction based on the score chart where patients whose 6-month survival probabilities lied within the green and yellow groups; those with more than 60% chance of survival were considered as proper candidates for surgical management.

Results {#Sec11}
=======

Patient characteristics {#Sec12}
-----------------------

From 2006 to 2015, a total of 1143 HCC patients were identified, of which 69 (6%) had HCC with spinal metastases accounting for 5.8% of all spinal metastasis patients treated in our hospital. Most of the patients were non-elderly men with moderate to poor KPS.

HCC and spinal metastases were simultaneously diagnosed in 24 (34.8%) patients. The remaining 45 (65.2%) patients developed spinal metastases 30--1074 days after HCC diagnosis, with a median duration of 196 days. Thirty-seven patients were hepatitis B virus (53.6%) and 16 (23.2%) were hepatitis C positive, while the remaining 16 (23.2%) had a history of alcoholic cirrhosis. Two or more spinal metastases were observed in 30 (43.5%) patients. The area of the affected spine included the combined region of the affected spine (31.8%), thoracic (36.3%), lumbar (24.6%), and cervical (7.3%). The most common skeletal-related events (SRE) were neural compression (33.3%), pain (27.5%), and pathologic fracture (8.7%). A total of 30.5% of spinal metastases were detected incidentally during the workup of the primary tumor and tumor staging. For primary HCC treatment, five (7.2%) patients underwent primary tumor resection and 15 (21.7%) underwent palliative intervention, such as percutaneous ethanol injection, transcatheter chemoembolization, and/or radiofrequency ablation, while 49 (71.1%) received best supportive care. For the treatment of spinal metastasis, two (2.9%) patients received palliative spinal surgery with postoperative external beam radiation (EBRT), 35 (50.7%) received EBRT alone, and 32 (46.4%) received palliative treatment. The clinical characteristics are summarized in Table [1](#Tab1){ref-type="table"}. Table 1Clinical characteristics of the patient cohortClinical CharacteristicsTotal, *n* (%)Missing, *n* (%)Hazard ratio\* (95% CI)3-month survival (%)6-month survival (%)12-month survival (%)*P* value\*\*Gender Male60 (87.0)0 (0)Reference45.033.316.70.520 Female9 (13.0)0.79 (0.39, 1.61)66.744.422.2Age group (years) ≤ 60 years50 (72.5)0 (0)Reference52.038.022.00.036 \> 60 years19 (27.5)1.78 (1.03, 3.08)36.826.35.3Karnofskys Performance Status Good17 (24.7)0 (0)Reference82.470.641.20.003 Moderate25 (36.2)2.29 (1.15, 4.54)48.028.012.0 Poor27 (39.1)3.16 (1.63, 6.15)25.918.57.4Cirrhosis No21 (30.4)7 (10.2)Reference66.747.623.80.024 Yes41 (59.4)1.95 (1.08, 3.51)39.029.317.1Ascites No33 (47.8)10 (14.5)Reference66.751.527.30.001 Yes26 (37.7)2.44 (1.39, 4.28)26.915.47.7Total bilirubin (mg/dL) \< 2.055 (79.7)1 (1.5)Reference56.443.621.8\< 0.001 2.0--3.05 (7.2)2.75 (1.06, 7.15)20.000 \> 3.08 (11.6)11.25 (4.39, 28.86)000Serum albumin (mg/dL) \> 3.525 (36.2)1 (1.5)Reference68.056.024.00.056 2.8--3.526 (37.7)1.38 (0.78, 2.45)30.823.119.2 \< 2.817 (24.6)2.17 (1.14, 4.14)41.223.55.9Number of primary tumor Single tumor14 (20.3)2 (2.9)Reference71.450.035.70.018 Multiple tumors53 (76.8)2.20 (1.13, 4.29)43.432.113.2Portal vein involvement No28 (40.6)11 (15.9)Reference71.450.025.00.196 Yes30 (43.5)1.43 (0.83, 2.45)33.326.716.7Visceral organ metastasis No35 (50.7)2 (2.9)Reference65.751.425.70.017 Yes32 (46.4)1.35 (1.05, 1.73)31.318.89.4Number of vertebral columns involved 130 (43.5)3 (4.4)Reference53.340.020.00.751 219 (27.5)0.95 (0.52, 1.73)57.936.815.8 ≥ 317 (24.6)1.21 (0.66, 2.22)35.329.417.7Number of extra spinal bone metastases 032 (46.4)7 (10.2)Reference59.443.825.00.256 1--221 (30.4)1.52 (0.86, 2.69)42.933.314.3 ≥ 39 (13.0)1.64 (0.74, 3.63)33.322.211.1Abbreviations: *CI* confidence interval\*Hazard ratio from univariable Cox's proportional hazard regression\*\**P* value from log-rank test

Survival rate of patients with HCC with spinal metastases {#Sec13}
---------------------------------------------------------

The median survival time of the cohort was 79 days (95% CI, 62--118 days) with the longest duration of follow-up for a single patient at 930 days. At the end of the study, only two (2.90%) patients had censored observations. The overall survival rates for HCC with spinal metastases at 3, 6, 9, 12, and 24 months were 47.8%, 34.8%, 24.6%, 17.4%, and 1.8%, respectively.

Candidate predictors {#Sec14}
--------------------

From the univariable log-rank analysis, seven clinical characteristics were identified as potential predictors of survival for HCC patients with spinal metastasis: aged \> 60 years (*P* = 0.036), moderate and poor Karnofskys Performance Status (*P* = 0.003), the presence of cirrhosis (*P* = 0.024), the presence of ascites (*P* = 0.001), total bilirubin level ≥ 2 mg/dL (*P* \< 0.001), HCC with multifocal tumors (*P* = 0.018), and the presence of visceral organ metastasis (*P* = 0.017). The survival probabilities at 3, 6, and 12 months for each predictor were estimated and depicted by Kaplan--Meier curves (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Kaplan--Meier curves visualizing differences in survival distribution among patients with and without prognostic factors

Final predictors {#Sec15}
----------------

All candidate predictors listed in Table [1](#Tab1){ref-type="table"} were included in the full multivariable prediction model via flexible parametric survival regression, regardless of their statistical significance from univariable analyses. No statistical evidence of violation of proportional hazard assumption was found in the Schoenfeld residuals test (*P* = 0.944). To reduce the number of predictors, backward elimination was performed based on a critical *P* value \< 0.1 and on the likelihood ratio test of each model after the elimination of non-significant predictors. The modeling procedures were performed with both the multiple imputed method and complete-case analysis, and the results of each model were compared. In this study, both models yielded the same final covariates within the model; therefore, a model based on complete-case analysis was reported.

Four final predictors remained within the reduced model: aged \> 60 years (hazard ratio \[HR\] 1.77, 95% confidence interval \[CI\] 0.97--3.23, *P* = 0.062), moderate and poor KPS (HR 2.00, 95% CI 0.96--4.18, *P* = 0.066 and HR 2.96, 95% CI 1.48--5.92, *P* = 0.002, respectively), total bilirubin level ≥ 2 and ≥ 3 mg/dL (HR 2.22, 95% CI 0.82--5.99, *P* = 0.114 and HR 10.4, 95% CI 3.92--27.82, *P* \< 0.001, respectively), and multiple foci of HCC (HR 2.63, 95% CI 1.29--5.35, *P* = 0.008) (Table [2](#Tab2){ref-type="table"}). The estimated beta-coefficients for all predictor variables on the hazard scale and their 95% CIs from both the full and reduced models are shown, see Supplementary Table 1, Additional file [1](#MOESM1){ref-type="media"}. Predictors with a positive beta-coefficient increased the probability of mortality, whereas predictors with a negative beta-coefficient decreased the probability of mortality. The reported beta-coefficients could be converted to hazard ratios by exponentiation of the beta-coefficients. Table 2Estimated hazard ratios in the full and reduced multivariable flexible parametric regression modelsPredictorsFull modelReduced modelHR95% CI*P* valueHR95% CI*P* valueAge group (years) ≤ 601.00Reference1.00Reference \> 602.130.99, 4.540.0521.770.97, 3.230.062Karnofskys Performance Status Good1.00Reference1.00Reference Moderate1.860.71, 4.880.2042.000.96, 4.180.066 Poor3.641.61, 8.210.0022.961.48, 5.920.002Cirrhosis No1.00ReferenceNot included Yes1.200.60, 2.390.600Ascites No1.00ReferenceNot included Yes1.050.32, 3.420.935Total bilirubin (mg/dL) \< 2.01.00Reference1.00Reference 2.0--3.03.270.20, 12.590.0852.220.82, 5.990.114 \> 3.09.222.46, 34.500.00110.443.92, 27.82\< 0.001Serum albumin (mg/dL) \> 3.51.00ReferenceNot included 2.8--3.50.800.34, 1.910.619 \< 2.82.661.05, 6.710.039Number of primary tumor Single tumor1.00Reference1.00Reference Multiple tumor3.421.23, 9.510.0192.631.29, 5.350.008Portal vein involvement No1.00ReferenceNot included Yes1.460.75, 2.850.265Visceral organ metastasis No1.00ReferenceNot included Yes1.190.85, 1.670.301Number of vertebral columns involved 11.00ReferenceNot included 21.100.52, 2.320.807 ≥ 31.700.69, 4.160.248Number of extraspinal bone metastases 01.00ReferenceNot included 1--20.930.31, 2.780.892 ≥ 31.030.33, 3.190.964Abbreviations: *HR* hazard ratio, *CI* confidence interval

Model calibration and discrimination {#Sec16}
------------------------------------

For the measure of discrimination, the Harrell C-statistics for the full and reduced models were 0.77 and 0.72, respectively. The Somers' D was 0.55 for the full model and 0.44 for the reduced model. The Royston & Sauerbrei's D statistic and $\documentclass[12pt]{minimal}
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                \begin{document}$$ {R}_D^2 $$\end{document}$ of the reduced model were 1.571 (SE 0.274) and 0.37 (95% CI 0.20--0.51), respectively. The calibration of the final model was visualized with a calibration plot, where predicted risk and observed outcomes were compared against one another within each of the different risk quantiles (Fig. [2](#Fig2){ref-type="fig"}). The prognostic model appeared to be well calibrated in the third, fourth, and fifth risk quantiles. The model overestimated the probability of death in the first risk quantile and underestimated the probability of death in the second risk quantile. Fig. 2Calibration plots compare the model-predicted risk and the observed outcomes against one another within each of the risk quantiles

Internal validation {#Sec17}
-------------------

Internal validation of the derived prognostic model was performed via a bootstrap resampling procedure with 200 replicates. The apparent C-statistics and the test C-statistics were 0.73 (95% CI 0.68--0.79, min 0.61, max 0.81) and 0.71 (95% CI 0.70--0.71, min 0.64, max 0.73), respectively. The C-statistic optimism was 0.023 (95% CI, 0.017--0.028). The Royston & Sauerbrei's D statistic optimism was 0.31 (apparent D 1.79 and test D 1.48), and the $\documentclass[12pt]{minimal}
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                \begin{document}$$ {R}_D^2 $$\end{document}$0.34). The shrinkage factor was 0.82 (95% CI 0.80--0.84). The regression coefficients in subsequent validation studies should be multiplied by this factor to yield a more reliable estimate of the predicted probabilities.

Demonstration of individual predictions from the HCC-SM CMU model {#Sec18}
-----------------------------------------------------------------

From the final remaining predictors of the newly derived HCC with spinal metastasis model by Chiang Mai University or HCC-SM CMU model, all HCC patients with spinal metastasis were individually categorized into 36 possible subcategories. The survival probabilities of each patient were estimated at three specific time points (3, 6, and 12 months) based on the HCC-SM CMU model. Each of the 36 subtypes of HCC patients was assigned a specific survival probability with a 95% CI (Supplementary Tables 2, 3, and 4, Additional file [1](#MOESM1){ref-type="media"}). For demonstration purposes, we selected nine possible types of patients with different combinations of predictor variables and presented, along with patient profile, the model estimated survival probabilities of each patient at 3, 6, and 12 months (Table [3](#Tab3){ref-type="table"}). The individual prediction curves of each patient are presented in Fig. [3](#Fig3){ref-type="fig"}. For clinical applicability, the HCC-SM CMU score chart, where four predictors were cross-tabulated and each cell was labeled with survival probability and colored according to pre-specified risk groups was introduced (Fig. [4](#Fig4){ref-type="fig"}). Table 3Demonstration of the model-estimated survival probability at each time point from nine sample patientsInput predictor variablesModel estimation of survival probability (%, 95% confidence interval)NoAgeKPSTotal bilirubinNumber of primary tumor3 months6 months12 months141Good0.8Single89.5 (74.9--95.9)83.4 (62.1--93.3)69.4 (43.1--85.4)264Good1.2Single82.2 (56.2--93.6)72.5 (38.9--89.6)52.4 (17.8--78.5)352Good1.8Multiple74.8 (57.6--85.8)62.0 (41.2--77.3)38.3 (19.4--57.1)466Moderate1.6Single67.6 (41.0--84.2)52.5 (23.3--75.2)27.5 (6.5--54.4)556Moderate2.3Single61.2 (21.0--85.7)44.6 (7.1--78.2)19.8 (0.6--60.0)646Good3.2Single31.5 (1.2--73.8)15.0 (0.1--62.2)2.2 (0--35.9)748Good3.4Multiple4.8 (0--35.7)0.7 (0--19.9)0 (0--3.6)869Poor3.8Single0.2 (0--17.7)0 (0--6.6)0 (0--0.4)976Poor6.9Multiple0 (0--0.4)0 (0)0 (0)Abbreviation: *KPS* Karnofsky Performance StatusFig. 3Individual prediction curves of nine randomly selected patients from the study cohortFig. 4HCC-SM CMU score chart. Each patient's predicted survival probabilities at each clinically relevant time point (3, 6, and 12 months) classified into five risk groups with a specific coloring label as follows: 81--100% (green), 61--80% (yellow), 41--60% (light orange), 21--40% (dark orange), and 0--20% (pink). Abbreviation: KPS, Karnofsky Performance Status

Comparative validation of the HCC-SM CMU model {#Sec19}
----------------------------------------------

We performed a comparative validation of the HCC-SM model with classical scoring systems such as the Tomita score and the revised Tokuhashi score. This analysis could be done in 58 (84.1%) patients within the cohort, due to incomplete data on the component of the revised Tokuhashi score in 11 patients. By deciding to perform surgical management only in patients whose predicted survival probability at 6 months was more than 80% (only the green risk group), the HCC-SM CMU model would provide clinicians with 100% specificity or absence of false-positive cases (predicted to be alive at 6 months, but actually died before the time). However, this approach would result in higher false-negative rates where patients who survived beyond 6 months were predicted to be dead before 6 months and thus missed the opportunity to undergo surgery. In contrast, if patients whose predicted risk fell within either the green or yellow group at 6 months were chosen for surgical treatment, the HCC-SM CMU model would provide higher sensitivity at 56.5% and 88.6% specificity. In this case, a smaller number of patients would be misclassified, and more patients would be appropriately managed. We estimated the sensitivity, specificity, positive predictive value, negative predictive value, and AuROC of the Tomita score and the revised Tokuhashi score assumed that they had been used to categorize patients for operation in this cohort of patients (Table [4](#Tab4){ref-type="table"}). The Kaplan--Meier curves showing the difference in survival distribution of each score in differentiation of patients who would survive more or less than 6 months are depicted, see Supplementary Figure 1, Additional file [1](#MOESM1){ref-type="media"}. Table 4Comparative validation of the HCC-SM CMU survival prediction model with conventional scoring systemsStatus at 6 monthsSensitivity % (95% CI)Specificity % (95% CI)PPV % (95% CI)NPV % (95% CI)AuROC (95% CI)SurvivedDiedTotalHCC-SM CMU prediction model (only green group at 6 months)Alive2028.7 (1.1--28.0)100.0 (90.0--100.0)100.0 (15.8--100.0)62.5 (48.5--75.1)0.54 (0.48--0.60)Not alive213556233558HCC-SM CMU prediction model (green and yellow group at 6 months)Alive1341756.5 (34.5--76.8)88.6 (73.3--96.8)76.5 (50.1--93.2)75.6 (59.7--87.6)0.73 (0.61--0.84)Not alive103141233558Tomita score^a^Alive17153273.9 (51.6--89.8)57.1 (39.4--73.7)53.1 (34.7--70.9)76.9 (56.4--91.0)0.66 (0.53--0.78)Not alive62026233558Revised Tokuhashi score^b^Alive851334.8 (16.4--57.3)85.7 (69.7--95.2)61.5 (31.6--86.1)66.7 (51.0--80.0)0.60 (0.49--0.72)Not alive153045233558Abbreviations: *AuROC* area under receiver operating characteristics curve, *CI* confidence interval, *PPV* positive predictive value, *NPV* negative predictive value^a^The Tomita score predicts the patients to be alive at 6 months if the score is 2--7 points. Patients with a Tomita score of \> 8 points are predicted not to be alive at 6 months^b^The Revised Tokuhashi score predicts for the patient to be alive at 6 months if the score is 9--15 points. Patients with a Tomita score of \< 9 points are predicted not to be alive at 6 months

Discussion {#Sec20}
==========

In this study, we have summarized the natural disease progression and survivals of patients with HCC-derived spinal metastases and explored for potential prognostic factors for prediction of survival to derive a novel individualized prediction tool.

The incidence of HCC in Southeast Asian countries, including Thailand, is high \[[@CR11]\]. Hepatitis B and C virus infection and alcoholic cirrhosis were important etiologies in our patients, which differed from a 36 patients case series from China, which were all derived from hepatitis B virus infection \[[@CR5]\]. From our 10-year study, only 6% of patients with HCC were found to have spinal metastases with a median survival time of 79 days, which was relatively short compared with that of other common metastatic tumors to the spine such as lung cancer (11.3 months) \[[@CR12]\], breast cancer (21.7 months) \[[@CR13]\], prostate cancer (58.3 months for hormone naïve and 5 months for hormone refractory \[[@CR14], [@CR15]\]), thyroid cancer (15.4 months) \[[@CR16]\], and cholangiocarcinoma (3 months) \[[@CR17]\]. In comparison with other reports on the survival of patients with HCC-derived spinal metastasis \[[@CR6], [@CR18], [@CR19]\], the median survival time after metastasis was also shorter in our study. This could be explained by the lower rate of primary surgical resection and higher rate of palliative treatment and best supportive care in our study. As the median survival time after the diagnosis of spinal metastases was much shorter than the median time from diagnosis of primary HCC to the diagnosis of spinal metastases, the existence of undetectable occult spinal metastases was plausible.

Several studies have reported a variety of prognostic factors for survival in patients with HCC with spinal metastases. Interestingly, most of these factors were either patient-related (i.e., Eastern Cooperative Oncology Group or ECOG and KPS) \[[@CR6], [@CR20]--[@CR22]\], liver-related (i.e., serum albumin level, serum lactate dehydrogenase or LDH, and Child-Pugh classification) \[[@CR6], [@CR21], [@CR23], [@CR24]\], or metastatic-related (visceral metastasis, other extrahepatic metastasis other than bone metastases) characteristics \[[@CR22]--[@CR25]\]. For tumor-related or intervention-related factors, primary HCC control or response to HCC treatment (i.e., response to radiotherapy, previous resection of primary HCC) were reported to be associated with patient survival after the diagnosis of spinal metastases \[[@CR6], [@CR20], [@CR22], [@CR24]\]. Previous scoring systems (i.e., Tomita score and Revised Tokuhashi score) have also been reported to be capable of survival prediction in this domain of patients \[[@CR5], [@CR23], [@CR26]\]. However, other potentially important HCC-related factors such as the number of tumors (or multifocality) and tumor size have never been investigated as prognostic factors in patients with spinal metastasis. In this study, we included the number of tumors as a candidate predictor, as it was significantly associated with both recurrence and metastasis in HCC, even after adequate primary HCC control \[[@CR27]\]. In contrast, the tumor size was not modeled as only a few patients (14.5%) had tumor size less than 5 cm, and the survival distribution between groups with tumor size smaller or larger than 5 cm was not significantly different. To allow for comprehensive and accurate survival prediction, our model incorporated all relevant aspects of the cancer, which were patient-, liver-, and tumor-related factors.

For patient-related factors, age and KPS were identified as significant prognostic factors in our study and were included as predictors in the model. Advanced age has been widely reported to be associated with poor survival outcomes in HCC, regardless of the staging or therapeutic modes \[[@CR28], [@CR29]\], but has never been explored in patients with HCC with spinal metastases. Previous studies used a variety of age cut points, ranging from 60 to 70 years old \[[@CR27]--[@CR30]\]. Our study is the first one to demonstrate the effect of old age (\> 60 years) on the survival of patients with HCC-derived spinal metastases. The patient's performance status, either via ECOG or KPS, was consistently identified as an influential survival factor in HCC patients with spinal metastases \[[@CR6], [@CR23]\] and were included as predictors in two recently developed prediction models: HCC-SM GPA by Rim et al. \[[@CR24]\] and another scoring system by Uei and Tokuhashi \[[@CR6]\].

For liver-related factors, only serum total bilirubin was found to be an independent survival predictor in our patient cohort. Serum bilirubin had never been independently explored as a prognostic factor in HCC-derived spinal metastasis, as all previous studies only examined the effect of serum albumin level or Child-Pugh classification as a whole \[[@CR6], [@CR21], [@CR23], [@CR24]\]. In our analysis, we separated the component of Child-Pugh classification to examine their independent effect on patient survival. Both serum albumin and serum bilirubin were found to be significant predictors in the multivariable model, but only serum bilirubin remained in the reduced model, which could be explained by the limited study size and that the effect estimates of serum bilirubin were much larger. Commonly, hyperbilirubinemia is a dominant marker of liver damage or liver failur e\[[@CR31]\]. It was recently found that elevated serum bilirubin (≥ 1.5 mg/dL) was associated with HCC aggressiveness, increased risk of portal vein thrombosis (PVT), and lower survival, regardless of the tumor size. Moreover, patients with hyperbilirubinemia were found to have lower platelet counts, lower serum albumin, higher aspartate aminotransferase (AST), and higher alkaline phosphatase (ALP) levels than patients with normal bilirubin levels \[[@CR32]\]. In our data, both serum albumin level and PVT revealed significant trends across the ordered groups of total bilirubin (*P* value from non-parametric test for trend 0.021 and 0.035, respectively).

For tumor-related factors, the multifocality of HCC was revealed to be another independent prognostic factor for survival in HCC-derived spinal metastasis. Multiple primary tumors reflect intrahepatic metastasis. Even when visible tumors are adequately resected, the remaining small metastases may still lead to recurrence and metastasis of HCC \[[@CR33]\]. Metastatic-related factors such as visceral organ metastasis or metastases to the major internal organ, number of extraspinal bone metastases, and number of vertebral columns involved in spinal metastasis were not identified as significant predictors in our study, which was in concordance with other studies \[[@CR6], [@CR7]\]. Due to the limitations in terms of study sample size and incomplete data availability, we did not include intervention-related factors such as primary HCC control modality, treatment with bone-modifying agent, and sorafenib as predictors. In addition, more than 2/3 of the patients in this study (68.1%) did not receive definite HCC treatment and only three patients (4.4%) were offered surgical resection, and most patients received best supportive care or palliative treatment. It was quite evident from our exploratory analysis that prognostic factors for HCC survival at diagnosis of the cancer still affected the patient's life expectancy after spinal metastases occurrence.

Most clinical decision tools for survival prediction in patients with metastatic spinal tumors were developed using the conventional Cox's proportional hazard regression model because of its statistical simplicity and comprehensible concept \[[@CR6], [@CR8], [@CR9], [@CR34]\]. However, as a semi-parametric method, the baseline hazard function cannot be directly estimated from the model itself without conditioning the estimated regression coefficients, and the rigid proportional hazard assumption must be fulfilled for valid estimates. In addition, the model was specifically designed to assess the effect of each prognostic covariate on the change in the patient's hazard function; it was not intended to predict the survival function of each patient \[[@CR35]\]. For derivation of Cox's prognostic model, weighing of coefficients was generally performed to generate a score for each patient from a combination of predictors. The score was subsequently categorized into different risk groups at arbitrary cutoff points for clinical application. Thus, precise individual prediction could not be performed using the Cox's model \[[@CR36]\].

In this study, we employed an alternative approach to directly estimate both the baseline hazard function and the individual survival function via the RP flexible parametric survival model. The RP model has been proven to yield more accurate predictions and more precise calibration in survival prediction \[[@CR36], [@CR37]\]. In deciding the appropriate treatment plan for HCC patients with spinal metastasis, an accurate survival prediction at clinically relevant time points is needed for each specific patient, especially for surgical management (either excisional or palliative). Applying predictions based on categorized risk groups might be considered unsophisticated as the splitting of an initially wide range of continuous prediction results in significant loss of information and certainly impairs the accuracy of overall prognostication \[[@CR36]\]. With the HCC-SM CMU model, we proposed a novel practical tool for individualized prediction of survival probabilities in HCC patients with spinal metastases. The HCC-SM CMU model incorporates four significant clinical predictors to approximate survival probabilities and their confidence intervals for a specific patient at multiple time points.

In comparison to the widely used Tomita and Revised Tokuhashi score, our model carried higher discriminative ability in terms of C-statistics, as the other scores were not derived from the full cohort of patients with HCC-derived spinal metastasis. With four simple and readily available predictors, the application of the HCC-SM CMU model in practice would result in lower false-positive cases than both the Tomita and Revised Tokuhashi scores. As the model was intended to be used for guiding the need for major surgical operations, a higher specificity was indeed more important than the sensitivity. However, all differences in diagnostic indices were not statistically evident because of the limited statistical power. The most outstanding point of the HCC-SM CMU model over the traditional scores, including the HCC-SM GPA and the newly derived prognostic scoring system by Uei and Tokuhashi, was that it allowed for a wider range of predictions as seen from the score chart. For each clinically relevant time point, the HCC-SM CMU model exhibited 36 predicted survival probability values according to the individual characteristic pattern. These individual predictions could play an important role in risk communication and decision making from both the patient and physician perspectives \[[@CR38]\].

Our study has several limitations. First, the model was derived from a small-sized patient cohort with retrospective data collection. Even though the number of censored observations was minimal, it is questionable whether the available number of events and total follow-up duration would be sufficient for model derivation with a flexible parametric model, which requires more parameters for the natural cubic spline function. Thus, to prevent model overfitting and optimism, we limited the number of final predictors and used a bootstrap resampling procedure to assess the presence of optimism and generate the shrinkage factor for further validation \[[@CR39]\]. In terms of missing data, both the multiple imputation method and complete-case analysis were used to estimate the multivariable prediction model. Second, all predictors were modeled as categorical variables instead of continuous variables. This could result in the loss of information and an overoptimistic model in case data-driven approaches have been used. In our study, all predictors were categorized according to prior clinical scoring systems and generally accepted cut points to prevent optimistic model performance \[[@CR40], [@CR41]\]. Third, the model calibration was poor in specific ranges of predicted probabilities, and the discriminative ability was only fair to acceptable. Regarding calibration, careful interpretation of predicted survival probabilities was suggested, especially in the second risk quantile, where the survival probabilities were overestimated. In contrast, patients with predicted probabilities above 60% at 180 days would have an even higher chance of surviving beyond 6 months and therefore be a good candidate for surgical management. Prior to the clinical implication of the HCC-SM CMU model, a prospective external validation study with a larger HCC population is warranted.

Conclusions {#Sec21}
===========

This study provided insight into the natural history of disease progression, magnitude of the disease, and prognostic factors for survival in patients with HCC-derived spinal metastases in Thailand. A novel survival prediction tool was also developed, which can support physicians for decision making in the optimal management of patients with spinal metastasis by considering surgical treatment only when patients are likely to live long enough to get benefit.
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**Additional file 1: Supplementary Table 1.** Estimated log hazard ratios in the full and reduced multivariable flexible parametric regression models. **Supplementary Table 2.** Score chart with predicted survival probabilities at 3 months after diagnosis of spinal metastases. **Supplementary Table 3.** Score chart with predicted survival probabilities at 6 months after the diagnosis of spinal metastases. **Supplementary Table 4.** Score chart with predicted survival probabilities at 12 months after the diagnosis of spinal metastases. **Supplementary Figure 1.** Kaplan--Meier curves for comparative validation between the newly derived model's prediction and the traditional Tomita and Revised Tokuhashi's score in predicting which patients would survive more or less than 6 months. The *P*-values of the log-rank test are shown for each panel.
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